Understanding and predicting the adaptive evolution of complex traits in variable natural environments are central problems in plant evolutionary biology that motivate much of Johanna Schmitt's research. Her work, which integrates plant evolutionary ecology, physiological ecology, and ecological genomics, has made significant contributions toward understanding the genetic basis of ecologically important plant traits and predicting plant responses to environmental change. The findings enable Schmitt, who was elected to the National Academy of Sciences in 2008, and other scientists to determine how plants respond to ongoing climate change.
Finding Nature in a Philadelphia Suburb
Growing up in a suburb of Philadelphia, Schmitt spent a lot of time outdoors. Her father, a computer engineer, taught her about the planets and constellations. She also collected and studied insects. "One of my earliest scientific memories is catching a handful of fireflies and putting them in a Mason jar overnight," she says. "The next morning, I found a single large firefly alive, and deduced from the random body parts remaining in the jar that I had captured a 'cannibal firefly.'" She learned that she had captured a female Photuris pennsylvanicus, adapted to lure hapless Photinus pyralis males as prey by imitating the characteristic mating flash of Photinus females. This and other early natural history lessons foreshadowed her lifelong research interest in processes of natural selection and adaptive evolution.
An early mentor was Ralph Heister, Schmitt's high school biology teacher. Schmitt says, "He taught scientific method by taking us in the field to sample biota upstream and downstream from a factory effluent pipe." Her interest in nature and scientific discovery grew and gained focus during her later studies at Swarthmore College, where she earned a bachelor's degree with distinction in biology in 1974. "James Hickman, my extraordinary plant ecology professor at Swarthmore, inspired me to fall in love with plants and to follow in his footsteps as a teacher and researcher," she says.
Schmitt continued her studies at Stanford University, where she received her PhD in biological sciences in 1981. She credits her dissertation advisor, Ward Watt, for encouraging her to think about physiological mechanisms and the specific genes that underlie adaptation. Another influential mentor was her postdoctoral advisor, Janis Antonovics, with whom she worked at Duke University from 1981 to 1982. She says, "He taught me to design and execute field experiments, and introduced me to evolutionary quantitative genetics." One of her first major research projects examined the forces of natural selection on outcrossing (breeding between relatively unrelated plants) vs. self-fertilization in natural populations of the common North American annual Impatiens capensis, or jewelweed (1). During her competition experiments, she noticed dramatic stem elongation in crowded plants, compared with low-density control plants. Renata Wulff, an ecologist friend and collaborator, pointed out that the elongated jewelweeds were examples of phytochromemediated shade avoidance. Phytochromes are pigments in plants that sense the ratio of red to far-red wavelengths (R:FR) in light reflected from leaves, thereby helping plants to detect and respond to nearby competitors.
Schmitt realized that phytochrome-mediated shade avoidance was a good system to test the hypothesis that phenotypic plasticity, the ability of an organism to change its phenotype in response to changes in the environment, is adaptive. On sabbatical in England, she collaborated with phytochrome physiologist Harry Smith to examine the fitness of mutant and transgenic plants impaired in their ability to respond to R:FR signals. With postdoctoral researcher Susan Dudley, she manipulated R:FR to create elongated and non-elongated jewelweed plants. Elongated plants exhibited higher fitness at high density, but lower fitness at low density, under field conditions (2) . These experiments were among the first explicit demonstrations of adaptive plasticity. Followup experiments with postdoctoral researchers Kathleen Donohue and Heidrun Huber demonstrated that local environmental variation within and between populations caused variation in selective pressures on shade avoidance traits, leading to adaptive divergence in plasticity (3).
Genetic Basis of Life History Variation
Schmitt's interest in the molecular mechanisms of shade avoidance led her, along with postdoctoral researchers Massimo Pigliucci and Lisa Dorn, to experiment with the genetic model plant Arabidopsis thaliana, the genome of which has been sequenced and studied extensively. This work, in turn, led to collaboration with evolutionary geneticist Michael Purugganan and quantitative geneticist Trudy Mackay, investigating the genetic basis of Arabidopsis life history plasticity in natural environments.
With postdoctoral researchers Cynthia Weinig, John Stinchcombe, Tonia Korves, Amity Wilczek, Alexandre Fournier-Level, and Reena Sellamuthu, Schmitt conducted large-scale field experiments on the plant. By mapping, under field conditions, the genetic loci, the specific positioning of genes or DNA sequences on a chromosome underlying complex traits such as flowering time and fitness, they found that the genetic basis of such traits depends on the plant's environment (4, 5) . Moreover, they demonstrated geographic and seasonal variation in natural selection at specific loci. (6) . The model, which they validated by experimental data, shows that flowering time depends on germination timing and predicts a previously unexpected abrupt transition from fall flowering to spring flowering in late summer germinants. The study also determined that the date of transition varies among genotypes and depends on ambient temperature. Postdoctoral researcher Daniel Runcie, Schmitt, and Welch are now building a new model to predict life history responses for a wide range of genotypes and environments.
Predicting Response to Novel Environments
Schmitt believes this modeling approach could be used to explain and predict the flowering times of other plants, including crops and ecologically important wild species. She also says that the model can be adjusted to predict how other plants may respond to changing climate. "There are a lot of possible parallels," Schmitt says.
Testing Adaptation to Climate in A. thaliana
The European field experiments provided clues about the potential for Arabidopsis to adapt to different climates. Tracking more than 75,000 plants in the field, from near the Arctic Circle to the Mediterranean coast, Schmitt and her team identified key molecular mechanisms that likely give A. thaliana genetic flexibility in adapting to different climates. (7) "We found that the genetic basis of survival and reproduction is almost entirely different in different regions, which suggests that evolutionary adaptation to one climate may not always result in a tradeoff of poor performance in another climate," Schmitt says. "Thus, the Arabidopsis genome may contain evolutionary flexibility to respond to climate change."
Such flexibility, however, may not be able to keep up with rapid climate change. For her Inaugural Article, Schmitt and colleagues tested for lagging adaptation to a warming climate in banked seeds of A. thaliana (8) . The experiments were conducted in four sites across the species' native European climate range. "Genotypes originating in climates historically warmer than the site of planting had higher relative fitness than native genotypes in every site," Schmitt says. "This result suggests that local adaptive optima have shifted rapidly with recent climate warming across the species' native range, and that the potential for adaptational lag deserves consideration in conservation and management decisions for many species." She is most proud, however, of the numerous individuals whom she has taught over the years. She says, "It has been my privilege to train a remarkable series of postdocs, graduate students, and undergraduate researchers over my career, many of whom have gone on to distinguished scientific careers."
Schmitt believes that natural history has gained renewed importance in the current age of climate change and genomic science. She says, "All my recent experience has Schmitt's team measured the fitness of many A. thaliana lines from across the species' climate range in Europe. Here, the plants experience a hard frost in Cologne, Germany Image courtesy of Brook Moyers (University of British Columbia, Vancouver, Canada).
convinced me that the entire 'natural' world around us is profoundly influenced by human activity, and is changing rapidly on a global scale. As a naturalist in the 21st century, my major goal is to understand genetic and ecological mechanisms of adaptation for organisms under natural selection in changing real world environments."
